Introduction {#sec1-1}
============

In 1986, Murry et al. (1986) introduced the concept of "ischemic preconditioning", which then gradually developed into a treatment strategy for cerebral ischemia-reperfusion injury. However, the application of ischemic preconditioning has been greatly restricted due to the difficulty in predicting cerebral ischemic diseases. In 2003, Zhao et al. (2003) proposed the concept of ischemia postconditioning, in which they believed that giving short-term ischemic stimulation at the early stage following ischemia and reperfusion, may produce adaptability of the organism in response to ischemia, and accordingly prevent the organism from severe damage caused by long-term ischemia. However, it remains a problem to regulate the degree of ischemic postconditioning in the ischemia and hypoxia-sensitive organs and tissues, such as the brain. Remote ischemia postconditioning (RIP) cannot only be performed following ischemia, but also protects ischemia-sensitive organs through measures on the non-critical remote organs (Ren et al., 2011). RIP is a kind of endogenous protective measure, which can trigger an endogenous protective effect, enhance ischemic tolerance in the brain, and ultimately reduce nervous system damage following ischemia-reperfusion (Pignataro et al., 2013). This study aimed to explore the neuroprotective effects of RIP in rats with focal cerebral ischemia-reperfusion injury.

Materials and Methods {#sec1-2}
=====================

Animals {#sec2-1}
-------

Fifty clean male 10-week-old Sprague-Dawley rats, weighing 220--280 g, were provided by the Experimental Animal Center of Dalian Medical University of China (license No. SCXK (Liao) 2008-0002). All rats were maintained and fed at 22--25°C, 56--70% humidity, for a week to adapt to the experimental conditions. Animal experiments were approved by the Animal Ethics Committee of Qilu Hospital of Shandong University in China. Rats were allowed free access to water, but were fasted prior to experimentation. After feeding, rats were randomly divided into sham group (*n* = 10), model group (*n* = 20) and RIP group (*n* = 20).

Establishment of cerebral ischemia/reperfusion model {#sec2-2}
----------------------------------------------------

Excepting the sham group, the cerebral ischemia/reperfusion model was established in rats from the model and RIP groups, *via* occlusion of the middle cerebral artery using the modified suture method as previously described (Longa et al., 1989). Rats were weighed and anesthetized with 4% (v/v) enflurane combined with 30% (v/v) O~2~ and 70% (v/v) N~2~O. The anesthesia effect was maintained using 2% (v/v) enflurane combined with 30% (v/v) O~2~ and 70% (v/v) N~2~O during surgery. A midline incision was cut along the neck, followed by separation of the right common carotid artery, internal carotid artery and external carotid artery. A 0.4 mm nylon filament was inserted into the internal carotid artery *via* the external carotid artery until it reached 2.0 cm lateral to the bifurcation of the internal carotid artery and external carotid artery. 2 hours later, the nylon thread was removed and ischemia was terminated to avoid the reperfusion of blood flow. Intraoperative blood flow in the brain was monitored with a laser Doppler (AD Instruments, Sydney, Australia) to verify the occlusion. Sham-operated rats were anesthetized, exposing the right common carotid artery, internal carotid artery and external carotid artery.

RIP intervention {#sec2-3}
----------------

At 8 and 24 hours after modeling, 10 rats in the RIP group were selected for isolation and exposure of the bilateral femoral arteries. The obtained femoral artery was occluded for 10 minutes and then opened for 10 minutes for a total of 3 cycles. In the sham and model groups, the femoral artery was only exposed.

Assessment of neurological score {#sec2-4}
--------------------------------

At 24 hours after modeling, neurological behavior of rats was assessed according to the methods of Longa et al. (1989). 0 point: neurological symptoms are not obvious; 1 point: the left anterior paw cannot fully extend; 2 points: rats rotate to the left side; 3 points: rats slump to the left when walking; 4 points: rats cannot walk independently and lose consciousness; 5 points: rats die from subarachnoid hemorrhage accompanied by infarction. Rats scoring more than 1 point were regarded successful models. Animals that died of pulmonary insufficiency and suffocation were excluded from the study.

Triphenyltetrazolium chloride (TTC) staining of cerebral infarction {#sec2-5}
-------------------------------------------------------------------

At 8 and 24 hours post ischemia-reperfusion, rats were intraperitoneally anesthetized with 5 mL 3.6% (w/v) chloral hydrate, and perfused with 250 mL ice-cold saline. The brain tissue was harvested and sliced into continuous coronal sections. Sections were incubated in 2% (w/v) TTC solution (Amresco Inc., Radnor, Pennsylvania, USA) at 37°C in the dark for 30 minutes. Normal brain tissue was stained red by TTC, while necrotic tissue remained unstained. Normal tissue and necrotic tissue were separated and weighed to calculate the percentage of brain infarct. Infarct ratio (%) = weight of infarct tissue/(normal tissue weight + infarct tissue weight) × 100%.

Measurements of brain water content {#sec2-6}
-----------------------------------

At 8 and 24 hours post ischemia-reperfusion, the water content in the brain was measured, which reflected the degree of brain edema. Rats were euthanized 24 hours after modeling, brain tissue was isolated, the left and right hemispheres were separated and the wet weight was measured immediately. Tissue was baked at 110°C for 24 hours, then the dried weight was measured. Brain water content (%) = (wet weight -- dry weight)/wet weight × 100%.

Western blot analysis for detection of nuclear factor (NF)-κB and Bcl-2 expression in the ischemic cerebral cortex of rats {#sec2-7}
--------------------------------------------------------------------------------------------------------------------------

Three rats in each group were killed by decapitation at 8 and 24 hours after modeling and the cerebral cortex on the ischemic side was harvested. Tissue was lysed on ice for 30 minutes, homogenated, treated with ultrasound (20 kHz, 30 seconds × 3), and centrifugated at 13,000 r/min for 15 minutes. The supernatant was transferred to a new EP tube. Protein concentration was detected using the NanoDrop2000 spectrophotometer (Thermo Fisher Scientific Inc., Waltham, MA, USA) and the samples were stored at −20°C for further use. Protein samples were isolated on 10% (w/v) SDS-polyacrylamide gels and transferred to polyvinylidene fluoride membrane. After blocking with 5% (w/v) skim milk at room temperature for 1 hour, protein samples were incubated with rabbit anti-rat NF-κB or Bcl-2 antibody (1:1,000; Santa Cruz Biotechnology, Santa Cruz, CA, USA) at 4°C overnight, rinsed with Tris-buffer saline with Tween-20 (TBST) three times, followed by incubation with goat anti-rabbit IgG (1:1,000; Santa Cruz Biotechnology) at room temperature for 1.5 hours, and TBST washing. Protein absorbance was determined using the LAS4000mini chemiluminescence imager (GE, Fairfield, CT, USA).

Statistical analysis {#sec2-8}
--------------------

Statistical analysis was performed using SPSS 19.0 Software (IBM, Armonk, NY, USA). Data were expressed as mean ± SD. One-way analysis of variance and the least significant difference test were used for comparison. A *P* \< 0.05 indicated statistical significance.

Results {#sec1-3}
=======

RIP had no impact on the neurological function of rats with focal cerebral ischemia/reperfusion injury {#sec2-9}
------------------------------------------------------------------------------------------------------

Sham-operated rats showed no neurological deficit symptoms. In the model group, rats exhibited varying degrees of neurological deficit symptoms, such as left forelimb flexion and left-prone walking paths. RIP had no impact on the neurological function scores in rats with focal cerebral ischemia-reperfusion injury (*P* \> 0.05; **[Figure 1](#F1){ref-type="fig"}**).

![Effect of remote ischemic postconditioning (RIP) on neurological function scores in rats with focal cerebral ischemia/reperfusion injury.\
Higher scores represent more severe neurological deficits. Data are expressed as mean ± SD of 10 rats in each group at each time point, one-way analysis of variance and the least significant difference test were used for comparison. \**P* \<0.05, *vs*. sham group. h: Hours.](NRR-9-1460-g001){#F1}

RIP alleviated cerebral infarction in rats with focal cerebral ischemia/reperfusion injury {#sec2-10}
------------------------------------------------------------------------------------------

TTC staining revealed that rat brain tissue from the sham group stained red, no infarction was found; in the model group, the rat brain tissue was obviously swollen, ischemic tissue became white, and the infarct area was very large, involving the cortex, basal ganglia and hippocampus. The infarction was more apparent at 24 hours post-occlusion, but the infarction ratio was similar to that at 8 hours post-occlusion (*P* \> 0.05); the infarction area was reduced following RIP (*P* \< 0.05, *vs*. model group; **[Figure 2](#F2){ref-type="fig"}**).

![Effect of remote ischemic postconditioning (RIP) on the infarction ratio in rats with focal cerebral ischemia-reperfusion injury (TTC staining).\
(A) Brain slices at different time points after model establishment. I: Sham group; II, III: model group at 8 and 24 hours; IV, V: RIP group at 8 and 24 hours. (B) Effect of RIP on infarct area. Infarction ratio (%) = infarct tissue weight/(normal tissue weight + infarct tissue weight) × 100%. Data are expressed as mean ± SD of 10 rats in each group at each time point. One-way analysis of variance and the least significant difference test were used for comparison. \**P* \< 0.05, *vs*. sham group; \#*P* \< 0.05, *vs*. model group. h: Hours.](NRR-9-1460-g002){#F2}

RIP alleviated brain edema in rats with focal cerebral ischemia/reperfusion injury {#sec2-11}
----------------------------------------------------------------------------------

Compared with the sham group, brain water content in rats from the model group were significantly increased (*P* \< 0.05), but were significantly decreased in the RIP group at 8 and 24 hours after occlusion (*P* \<0.05; **[Figure 3](#F3){ref-type="fig"}**).

![Effect of remote ischemic postconditioning (RIP) on brain water content in rats with focal cerebral ischemia/reperfusion injury.\
Brain water content (%) = (wet weight -- dry weight)/wet weight × 100%. Data are expressed as mean ± SD of 10 rats in each group at each time point. One-way analysis of variance and the least significant difference test were used for comparison. \**P* \< 0.05, *vs*. sham group; \#*P* \< 0.05, *vs.* model group. h: Hours.](NRR-9-1460-g003){#F3}

Effect of RIP on inflammatory factor NF-κB and anti-apoptotic protein Bcl-2 in the ischemic cerebral cortex of focal cerebral ischemia/reperfusion injured rats {#sec2-12}
---------------------------------------------------------------------------------------------------------------------------------------------------------------

Western blot analysis results showed that the expression level of NF-κB in the model group was significantly higher (*P* \< 0.01), while the expression level of Bcl-2 was significantly lower (*P* \< 0.01) compared with the sham group. At 8 and 24 hours following RIP, NF-κB expression levels decreased significantly (*P* \< 0.01), while Bcl-2 expression was significantly elevated (*P* \< 0.01; **[Figure 4](#F4){ref-type="fig"}**) compared with the model group.

![Effect of remote ischemic postconditioning (RIP) on nuclear factor (NF)-κB and Bcl-2 expression in the ischemic cerebral cortex of focal cerebral ischemia-reperfusion injured rats (western blot assay).\
I: Sham group; II, III: Model group at 8 and 24 hours after modeling; IV, V: RIP group at 8 and 24 hours after modeling. Data are expressed as mean ± SD of 10 rats in each group at each time point. One-way analysis of variance and the least significant difference test were used for comparison. \*\**P* \< 0.05, *vs*. sham group; \#\#*P* \< 0.05, *vs*. model group. h: Hours.](NRR-9-1460-g004){#F4}

Discussion {#sec1-4}
==========

Growing evidence from existing studies has shown that RIP following ischemia, reperfusion can reduce infarct volume and alleviate reperfusion injury, with the underlying mechanism involving brain edema, the blood-brain barrier, and regulation of nerve cell apoptosis (Zhao et al., 2006; Liu et al., 2010; Geng et al., 2012). Li et al. (2006) adopted, for the first time, remote ischemic preconditioning for the treatment of ischemia/reperfusion injury, and found that it effectively protected the myocardium from ischemia/reperfusion injury. Ren et al. (2009) further demonstrated that RIP reduced infarct volume, significantly improved neurological function, and protected brain function in a rat model of left artery permanent occlusion. Ischemic postconditioning was shown to prevent cerebral ischemic injury in various animal experiments. This evidence highlights the potential contribution of RIP in the clinical treatment of stroke. Scholars have already investigated ischemia/reperfusion injury in human cases through non-invasive occlusion of the femoral artery (Loukogeorgakis et al., 2007). Ischemic tolerance is a very strong endogenous protective measure. Ischemic tolerance produced by ischemic preconditioning and remote ischemic preconditioning contributes to the protection of ischemic organs, in which a variety of signaling pathways or protein kinases are involved (Shimohata et al., 2007a, b; Scartabelli et al., 2008; Wang et al., 2009; Tsubota et al., 2010; Xie et al., 2013).

NF-κB is a recently discovered transcription factor that is closely related to ischemic brain injury (Gabriel et al., 1999). Increasing evidence indicates that the activation of NF-κB is a key player in the inflammatory response. Many studies have found that NF-κB is activated in nerve cells, brain vascular endothelial cells and glial cells during ischemia (Villoslada and Genain, 2004). Rehni et al. (2009) demonstrated that the neuroprotective effect of RIP against ischemia/reperfusion injury was largely dependent on the activation of the NF-κB pathway. Similarly, the results of the present study showed that NF-κB expression levels were significantly elevated in the brain tissue of middle cerebral artery occlusion rats, and RIP effectively reduced the levels of NF-κB. This evidence indicates that NF-κB is a critical target for the neuroprotective effect of RIP. Meanwhile, the process of focal cerebral ischemia/reperfusion injury is accompanied by apoptosis (Fisher and Schaebitz, 2000; Sugawara et al., 2004). Our findings showed that anti-apoptotic Bcl-2 protein expression in brain tissue was significantly decreased after ischemic injury, suggesting that a large amount of cells become apoptotic during the cerebral infarction process. Moreover, RIP increased Bcl-2 expression and reduced infarct volume.

In summary, RIP can reduce infarct volume, and its neuroprotective effect is achieved through the inhibition of NF-κB expression and an increase in Bcl-2 expression.
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